Protein molecules are not static but are in varying degrees of motion. Of course, the breadth of structural arrangements in an ensemble will vary tremendously. Some proteins are like 'rocks' and are very tightly constrained in terms of deviations of their coordinates from their averages. Others are 'writhing snakes', with little recognized persistent structure, and then there is everything in between. Through the work of many, there is an increasing awareness of the role of dynamics in the biological function of proteins, and new computational and experimental methods are allowing us to make these connections. A personal perspective on the state of affairs is offered with examples primarily from the author's own work.
Introduction and context
The roles of the internal dynamics of protein molecules in supporting their biological functions are becoming increasingly apparent. Proteins are not static in living organisms; rather, their structures have complex dependencies on their environment and are also subject to thermally driven motions. The energy landscapes of proteins are rich and highly variable. The structural rigidity of a protein can range from being able to stay active in boiling water to essentially having no regular structure under any known circumstances. ('Intrinsically unstructured' or 'natively unstructured' are common labels for this class of proteins.) Furthermore, some proteins are known to be highly ordered only under certain conditions. With reference to the more ordered proteins, Ansari et al. [1] have talked about FIMs (functionally important motions) and, by extension, BUMs (biologically unimportant motions), both of which are present in all proteins, indeed one goal of research in this area is to tell them apart! Since the earliest discussions about allostery [2] , it was easy to accept that a 'conformational change' could occur when a small molecule bound to a protein and that this energy of binding could change the structure, and hence the functional properties, of the protein. Biochemists freely invoke 'conformational change' just as molecular biologists invoke 'trans-acting factors' and geneticists say 'there must be a gene'. Each discipline has its reductionist arm-waving explanation waiting to be tested.
One extreme of this view of changing structures, which is quite reasonable, is that allostery can occur from changes in populations; this differs from the idea that individual proteins have to undergo some sort of concerted conformational change to achieve a functional difference [3] . This view raises the possibility that all proteins are allosteric at some level, or at least potentially so [4] .
Crystallographers and other structural biologists have sought out and revealed many such conformational changes, putting forth switching mechanisms to explain protein function. Yet the crystallographers are inadvertently guilty of referring to the structure, as if there were only one. Even the fluctuations present within the constraints of the crystal lattice are larger than often appreciated. The root mean square deviations for the best behaved part of the protein in a crystal structure are about one-tenth of the nominal resolution, so typically a couple of tenths of an angstrom (Å).
Ansari et al. and others, through the use of infrared and other spectroscopies, have also articulated the concept of tiers of substates. These can range from tiny vibrational states of bonds (or smaller if you want to go into atomic or subatomic physics) to complete unfolding/refolding transitions. Natural selection determines which of these matter to the function of the protein. Some proteins, such as hemoglobin, appear to be fairly rigid and yet have different functional states, and others have completely different folding patterns depending on the biological environment (for example, prions).
The estimated mean square deviations derived from crystallography might be thought of as being close to the lower limits of an ensemble distribution. Those from nuclear magnetic resonance (NMR) might then be an upper limit. It is common to refer to proteins without clear heteronuclear single-quantum coherence (HSQC) spectra as 'unfolded'. A better (though overly technical) description might be 'too broad of an ensemble to satisfy the proper exchange regime for an NMR determination'. Many times, these proteins can be crystallized, so it is unlikely that they are unfolded in the literal sense. Of course, the protein environment also always matters. Studies of the variation of the structure of proteins crystallized in different forms also point to the existence of conformational ensembles, as they can be correlated with other methods such as NMR. These studies support the notion that crystal lattices do not so much distort the structure as select amongst members of the ensemble that exist in the freely tumbling phase [5, 6] .
At first, there were perceived discrepancies between the atomic coordinates that crystallographers determined and those resulting from the application of molecular mechanics force fields [7] . Crystallographers were distrustful of the simulations, and molecular dynamicists were quick to blame the crystal environment as an artificial condition. The more recent point of view holds that both camps were right in a sense. Simulations are still difficult to run for long enough to get adequate sampling over time periods typical of experiments and the force fields suffer from necessary approximations, and it is now recognized that crystal structures vary to some degree in different crystal forms. These different camps now seem to be converging on a similar view. In molecular dynamics simulations, evidence for tiers of states can also be seen [8] .
The concept of a folding funnel also embodies the idea, with a gradual narrowing of the distribution as proteins relax into lower energy states after being synthesized or unfolded [9] . Some substates in crystals can be frozen out by lowering the temperature, and some not [10] . This quenching of the structure into different substates also argues for there being many states with quite similar energies.
Major recent advances
In a more microscopic way, the bond lengths and angles that give rise to atomic arrangements and their diffraction patterns can vary, giving rise to an ensemble with an average electron density distribution that does not conform to any representation of a single structure, even if modeled as one [11] . Crystallographers usually recognize this effect only in higher resolution structures where discrete conformations of atoms can be distinguished, but there are promising ways of modeling an ensemble directly from the diffraction data even at lower resolutions [12] .
NMR methods of protein structure solution have ensembles embedded in them. They are necessary, as a stochastic approach is used to generate models that satisfy the experimental observations, typically many more than are selected to represent the final set of models. The extent to which these ensembles represent the true ensemble is debatable as they may be underconstrained by the experimental data. Certainly, the depiction of the coordinates as a set instead of a single structure gives a more realistic mental image than a single structure. Modern NMR methods also continue to develop new relaxation methods for observing protein dynamics, including hydrogen deuterium exchange experiments [13, 14] (both reviewed by Faculty of 1000 Biology).
Models for what the ensemble of protein conformations might be when not constrained by a crystal lattice have recently been developed and used to illustrate likely modes of motions of the proteins [15] (reviewed by Faculty of 1000 Biology). Furthermore, reducing the extent of the ensemble possibilities in proteins by empirically changing the amino acid sequence can result in fewer states and thus a narrower and sometimes more stable folded state [16] . This characteristic is important for developing longer shelf lives for protein-based pharmaceuticals or more robust catalysts for industrial processes.
Future directions
Biophysical techniques for observing or describing the flexible nature of proteins and their resulting ensembles continue to improve in both speed and accuracy. X-ray diffraction and magnetic resonance methods both promise to deliver single-molecule structure determinations, the former by 'diffract and destroy' free electron laser illumination [17] and the latter by nanoscale magnetic resonance imaging [18] . If these new ideas come to fruition, scientists would be able to look at individual examples of conformations and at the ensembles directly. This would really accelerate our explorations of the molecular world of proteins.
